IMPORTANCE Coronary computed tomography angiography (CCTA) is a new approach for the diagnosis of anatomical coronary artery disease (CAD), but it is unclear how CCTA performs compared with the standard approach of functional stress testing.
C oronary computed tomography angiography (CCTA) images coronary artery anatomy, whereas functional stress testing assesses for inducible cardiac ischemia. Coronary computed tomography angiography has higher diagnostic accuracy for coronary artery disease (CAD) when using invasive coronary angiography as the reference standard.
1 Several studies have concluded that CCTA is safe and expedites the triage of patients in the emergency department with acute chest pain compared with standard care. 2,3 United States and European cardiology guidelines include the use of CCTA for patients with suspected CAD. 4 Whether CCTA improves clinical outcomes compared with traditional functional stress testing for patients with suspected CAD remains unclear. Meta-analyses comparing CCTA vs stress testing have reached different conclusions using a limited number of trials and have not assessed the effect on new diagnoses of CAD and changes to cardiac medication. [5] [6] [7] [8] Because the value of diagnostic tests lies in their ability to affect clinical management and improve patient outcomes, we performed a systematic review and meta-analysis of randomized clinical trials (RCTs) for CCTA vs functional stress testing to examine subsequent patient management and cardiovascular outcomes for patients with both acute and stable chest pain.
Methods

Data Sources
We followed the PRISMA statement for reporting systematic reviews and meta-analyses. 9 A systematic search of MEDLINE and PubMed for English-language RCTs of CCTA was performed. Search terms corresponding to coronary computed tomography angiography limited to RCTs conducted for adults from January 1, 2000, to July 10, 2016, were used. We also searched the references of all articles retrieved (eAppendix in the Supplement). We identified all RCTs of CCTA vs functional stress testing for patients with suspected CAD that included information on downstream cardiovascular events and patient management with at least 1 month of follow-up. This study used deidentified, trial level data from published trials. The data publicly available at the time our study was performed; thus, institutional review board approval was not sought, nor was it necessary.
Study Selection
Two of us (A.J.F. and B.P.) independently performed the following steps to screen studies identified in the database search and to extract data. Any disagreements were resolved by consensus. First, all titles were reviewed to exclude studies that were observational, that performed the wrong test (eg, lower extremity CTA), or that addressed the wrong question (eg, comparing diagnostic accuracy or comparing different CCTA techniques), followed by reviewing abstracts of the remaining studies using the same exclusion criteria.
Data Extraction
Two of us (A.J.F. and B.P.) independently reviewed all studies meeting the inclusion criteria and performed standardized data extraction of the following study characteristics: patient population (eg, acute vs stable chest pain), setting (eg, emergency department, inpatient, or outpatient), design (eg, intervention and comparator arms), primary end point (s), duration of follow-up, patient characteristics, and patient outcomes (all-cause death, myocardial infarction [MI], cardiac hospitalization, invasive coronary angiography, coronary revascularization including percutaneous coronary intervention or coronary artery bypass graft surgery, new CAD diagnosis, new medication change for aspirin, and new medication change for statin therapy). New CAD was diagnosed when patients had either angiographic evidence of obstructive CAD on a CCTA (ie, >50% obstruction) and/or angiographic evidence of obstructive CAD on an invasive coronary angiogram (ie, >50% obstruction). If these data were not provided, new CAD was diagnosed if any of the following diagnoses were explicitly stated: acute coronary syndrome, stable angina, or CAD.
Data Synthesis
The Mantel-Haenszel method was used to conduct the primary analysis. Each clinical outcome was organized into a 2 × 2 table and analyzed on the log relative scale using a randomeffects model. A prespecified subgroup analysis was performed based on whether patients were being evaluated for acute vs stable chest pain. Trials that did not report the clinical end point of interest were removed from the denominator and not factored into the analysis. Trials in which the end point of interest was reported but no events occurred in either arm were included in the analyses using a fixed-count correction method, where a value of 1 was added to all cell counts. Trials in which the end point of interest was reported but events occurred in only 1 arm were included without the need for correction. Examination of heterogeneity was performed using Meaning Compared with functional stress testing, coronary computed tomography angiography is associated with a decreased incidence of myocardial infarction in patients with suspected coronary artery disease, as well as an increase in detection of coronary artery disease and use of secondary prevention medications; tradeoffs involve an increase in downstream invasive procedures, many of which may be unnecessary.
combined and between subgroups. A sensitivity analysis was performed for each end point by excluding individual studies. Examination of publication bias was performed visually using funnel plots.
Quality of Trials
Two of us (A.J.F. and S.S.D.) independently assessed the quality of the trials using Cochrane Collaboration's tool for assessing risk of bias in randomized trials. 10 Any disagreements were resolved by consensus.
Statistical Analysis
All statistical analyses were performed with Review Manager (RevMan), version 5.3 (The Nordic Cochrane Centre, The Cochrane Collaboration). P values were 2 sided, with P < .05 considered statistically significant.
Results
Qualitative Synthesis
We screened 216 records and 19 full-text articles (Figure 1) , from which 13 RCTs that randomized 20 092 patients were included: 10 315 patients were assigned to the CCTA arm and 9777 were assigned to the functional stress testing arm. 2,3,11-21 Mean participant age was 58 years, and 9845 were women (49.0%).
Patients in the acute chest pain subgroup were significantly younger than those in the stable chest pain subgroup (53 vs 59 years; eTable 1 in the Supplement). The mean duration of follow-up was 18 months; follow-up was longer in the stable chest pain subgroup than in the acute chest pain subgroup (23 vs 5 months; Table 1 ).
The CCTA strategy used in the intervention arm differed across studies, and most of the RCTs did not follow prespecified protocols for handling indeterminate stenosis identified on a CCTA. In 2 trials, there were prespecified plans to follow up all cases of intermediate stenosis with myocardial perfusion imaging, 11, 12 and in 1 trial (SCOT-HEART [Scottish Computed Tomography of the Heart Trial]), 85% of patients received functional stress testing in both arms.
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The stress testing arms varied among trials, with multiple modalities, including no testing, used in 4 trials (31%), myocardial perfusion imaging used in 4 trials (31%), exercise treadmill or bike electrocardiography testing used in 3 trials (23%), and stress echocardiography used in 1 trial (8%); the modality was not specified in 1 trial (8%). In 2 studies in which multiple modalities were used that involved patients with acute chest pain, 42% of patients in one trial and 26% of patients in the other trial did not undergo any functional stress testing in the control arms.
2,3
Nine trials involved patients who presented to the emergency department with symptoms concerning for acute coronary syndrome and who underwent testing prior to or shortly following hospital discharge. 2, 3, [11] [12] [13] [15] [16] [17] 20 There was significant variation in the quality of the trials based on the Cochrane Collaboration's tool for bias assessment (eTable 2 in the Supplement). The overall quality of evidence was judged to be moderate, with 45 of 98 domains (46%) judged to be at high or questionable risk for bias. In all studies, at least 2 domains were potentially susceptible to bias. Lack of blinding patients and personnel was noted in all trials. Only 3 trials explicitly used blinded outcome assessment, 12,18,21 and only 5 trials explicitly stated their technique for allocation concealment in the publications. 2, 11, 15, 16, 21 The SCOT-HEART was assigned a high risk of other bias because its design included functional stress testing for 85% of patients in the CCTA arm.
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The funding source was noted as a possible risk of other bias in 3 trials because industry-sponsored trials are nearly 4 times more likely to report positive results than are non-industrysponsored studies. 11, 12, 14, 22 Quantitative Results
All-Cause Mortality
There was no difference between CCTA and functional stress testing in mortality overall (1.0% vs 1.1%; risk ratio [RR], 0.93; 95% CI, 0.71-1.21) or in patients with acute (0.3% vs 0.6%; RR, 0.66; 95% CI, 0.27-1.59) or stable chest pain (1.3% vs 1.3%; RR, 0.96; 95% CI, 0.72-1.27) ( Table 2 and eFigure 1 in the Supplement). No deaths occurred in 7 trials, and zero event handling was used. 2, 3, [11] [12] [13] [14] 20 There was no significant heteroge- neity between trials (χ 2 =2 . 7 4 ;P = .95; eFigure 1 in the Supplement). The overall effect estimate is not sensitive to the inclusion or exclusion of any individual trial. There was no significant interaction noted between the acute and stable chest pain subgroups (χ 2 =0. 64;P = .99). There is mild visual asymmetry in the funnel plot in eFigure 2 in the Supplement in favor of CCTA related to PROSPECT (Prospective Randomized Outcome Trial Comparing Radionuclide Stress Myocardial Perfusion Imaging and ECG-Gated Coronary CT Angiography).
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Removal of this trial did not lead to a significant difference in the overall effect estimate.
Myocardial Infarction
Coronary computed tomography angiography was associated with a reduction in MIs overall (0.7% vs 1.1%; RR, 0.71; 95% CI, 0.53-0.96) and for patients with stable chest pain but not those with acute chest pain ( Table 2 and Figure 2 ). No MIs occurred in 4 trials, and zero event handling was used. [11] [12] [13] [14] There was only a modest amount of heterogeneity between trials, which was not statistically significant (χ 2 = 0.31; P = .58; Figure 2 ). The overall effect estimate is sensitive to the exclusion of the SCOT-HEART trial, which assigned most patients in the CCTA arm to undergo functional stress testing. 21 Its removal leads to a 17% increase in the relative risk estimate that is no longer statistically significant (RR, 0.88; 95% CI, 0.70-1.21). The relative risk reduction was greater for patients with stable chest pain (RR, 0.68; 95% CI, 0.49-0.95) than for patients with acute chest pain (RR, 0.84; 95% CI 0.44-1.61) ( Table 2 ), but there was no significant interaction between groups (χ 2 = 0.31; P = .58).
There is no visual asymmetry in the funnel plot in eFigure 3 in the Supplement. 
Invasive Coronary Angiography
Coronary computed tomography angiography was associated with an increase in invasive coronary angiography procedures overall (11.7% vs 9.1%; RR, 1.33; 95% CI, 1.12-1.59) and in both the acute (9.2% vs 7.2%; RR, 1.39; 95% CI, 1.10-1.76) and stable chest pain (12.7% vs 9.8%; RR, 1.27; 95% CI, 0.96-1.70) subgroups (Table 2 and eFigure 6 in the Supplement). The overall effect estimate is not sensitive to the inclusion or exclusion of any individual trial. There was significant heterogeneity found between trials (χ 2 = 29.29; P = .004). The main source of heterogeneity is the SCOT-HEART trial. 21 When it is excluded, there is no significant heterogeneity (χ 2 = 12.59; P = .32). There was no significant interaction identified between the acute and stable chest pain subgroups (χ 2 = 0.22; P = .64). There is mild visual asymmetry in the funnel plot in eFigure 7 in the Supplement associated with the PERFECT (Prospective First Evaluation in Chest Pain) trial. 20 Removal of this trial did not lead to a significant difference in the overall effect estimate. Figure 3 ). The overall effect estimate is not sensitive to the inclusion or exclusion of any individual trial. There was significant heterogeneity between trials (χ 2 = 29.87; P = .003). The main source of heterogeneity is the SCOT-HEART trial. 21 When it is excluded, there is no significant heterogeneity. There is mild visual asymmetry in the funnel plot related to the SCOT-HEART and PERFECT trials (eFigure 8 in the Supplement).
20,21
Removal of these trials did not lead to a significant difference in the overall effect estimate.
New CAD Diagnoses
Coronary computed tomography angiography was associated with an increase in new diagnoses of CAD overall (18.3% vs 8.3%; RR, 2.80; 95% CI, 2.03-3.87) and in both the acute (12.5% vs 5.0%; RR, 3.37; 95% CI, 1.92-5.89) and stable chest pain (23.8% vs 10.7%; RR, 2.35; 95% CI, 1.51-3.66) subgroups (Table 2 and eFigure 9 in the Supplement). The overall effect estimate is not sensitive to the inclusion or exclusion of any individual trial. There was significant heterogeneity found between the 9 trials that allowed for adjudication of this end point (χ 2 = 27.31; P < .001). 2, 3, [13] [14] [15] [16] [17] [19] [20] [21] There was no significant interaction between the acute and stable chest pain groups (χ 2 =0 . 9 7 ;P = .32). There is mild visual asymmetry in the funnel plot related to 2 small trials (eFigure 10 in the Supplement). 13, 14 Removal of these trials did not lead to a significant difference in the overall effect estimate. Heterogeneity: τ 2 = 0.00; χ 2 8 = 3.76; P = .88; I 2 = 0% Test for overall effect: z = 0.52 (P = .60) Heterogeneity: τ 2 = 0.00; χ 2 12 = 4.46; P = .97; I 2 = 0% Test for overall effect: z =2.24 (P = .03) Test for subgroup differences: χ 2 1 = 0.31; P = .58; I 2 = 0%
Risk ratios (RRs) were determined by the Mantel-Haenszel method with a random-effects model. Square data markers represent RRs; horizontal lines, the 95% CIs with marker size reflecting the statistical weight of the study using random-effects meta-analysis. A diamond data marker represents the overall RR and 95% (Table 2 and eFigures 11 and 12 in the Supplement).
14, 17, [19] [20] [21] There was significant heterogeneity between trials for aspirin (χ 2 = 60.60; P < .001) and statins (χ 2 = 48.29; P < .001).
There were also significant interactions between the acute and stable chest pain groups. Funnel plots were limited by the small number of trials (eFigures 13 and 14 in the Supplement).
Discussion
This systematic review and meta-analysis of RCTs comparing outcomes in patients undergoing CCTA vs functional stress testing for suspected CAD found no difference in mortality or cardiac hospitalization; however, CCTA was associated with a reduction in MIs and an increase in invasive coronary angiography procedures, revascularizations, new CAD diagnoses, and aspirin use and statin prescribing. Four meta-analyses have addressed the efficacy of CCTA vs stress testing and reached different conclusions.
5-8 The 3
analyses conducted for patients with acute chest pain have relied on 4 RCTs each, and new trials have been conducted since then; 1 included observational data. [5] [6] [7] To our knowledge, only 1 meta-analysis has been conducted for outpatients with stable chest pain. 8 None of the meta-analyses assessed the outcomes of new CAD diagnoses and medication changes between trial arms. [5] [6] [7] [8] Combining data from trials of both patients with acute chest pain and patients with stable chest pain increases the sample size of this analysis. In addition, testing for interactions between patients with acute chest pain and those with stable chest pain better informs how clinical scenarios may affect the efficacy of CCTA compared with func- tional stress testing. For example, CCTA lowered the risk of MI when including all trials, but the difference was only statistically significant in the stable chest pain subgroup. However, the lack of an interaction effect between the subgroups suggests that patients with acute chest pain may also benefit in terms of MI reduction. Based on our results, 250 patients with suspected CAD need to undergo CCTA rather than functional stress testing to prevent 1 MI (number needed to treat, 250). There are several reasons to view this reduction in MI cautiously. The SCOT-HEART, which drove this finding, compared CCTA plus functional stress testing with functional stress testing alone and thus did not directly compare a CCTA strategy with a functional stress testing strategy. 21 Patients in the CCTA arm in SCOT-HEART experienced a lower rate of excess revascularization compared with those in the CCTA arm in all other trials, which may be because patients with stenosis detected by CCTA who did not have ischemia detected by functional testing did not get referred for revascularization. Less revascularization means lower rates of periprocedural MI and cardiac events associated with in-stent thrombosis and restenosis. Coronary computed tomography angiography was not associated with an overall reduction in mortality or cardiac hospitalizations. This finding may be due to a lack of power to detect a reduction in mortality; however, a lack of power is unlikely to account for the cardiac hospitalization finding because there were more than twice as many cardiac hospitalizations as MIs, and the difference in MIs was statistically significant. In fact, patients with stable chest pain had a borderline statistically significant increase in cardiac hospitalizations in the CCTA arm (RR, 1.21; 95% CI, 0.96-1.53), despite the reduction in MIs in this subgroup (RR, 0.68; 95% CI, 0.49-0.95). One possible explanation is that the MI reduction for patients in the CCTA arm is offset by downstream cardiac hospitalizations due to complications after a percutaneous coronary intervention such as in-stent restenosis because these patients had higher rates of revascularization. Another possible reason is that the MIs prevented are small and would not be associated with significant morbidity; future investigations should investigate this possibility.
This analysis corroborates prior meta-analyses showing that CCTA compared with functional stress testing is associated with increased invasive coronary angiography and revascularization procedures.
5-8 For every 37 patients who undergo CCTA, there will be 1 excess revascularization procedure. We hypothesize that at least some of these additional procedures are associated with the finding of incidental CAD that is not causing symptomatic ischemia and would not have been detected with functional stress testing alone. Results from SCOT-HEART support this contention. 21 Eighty-five percent of patients in the CCTA arm of SCOT-HEART underwent functional stress testing, and this arm had a nonsignificant excess rate of revascularization (RR, 1.16; 95% CI, 0.97-1.39) that was significantly lower than that of all other trials combined, excluding SCOT-HEART (RR, 1.98; 95% CI, 1.70-2.30).
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A novel finding from our meta-analysis is that CCTA was associated with an increase in new CAD diagnoses, based on a criterion of obstructive stenosis of more than 50%, at 18.3% for CCTA vs 8.3% for functional stress testing alone. This increase in CAD diagnoses likely drove the associated increase in aspirin and statin use and might explain the reduction in MIs. However, a randomized clinical trial of CCTA screening vs standard care for asymptomatic patients with diabetes failed to show that more CCTA-related CAD diagnoses plus the resulting intensified care improved clinical outcomes.
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Limitations
Limitations to this meta-analysis include the use of triallevel data rather than patient-level data. Thus, we are unable to assess for heterogeneous effects associated with CCTA that may be present based on age, sex, baseline risk, and comparator test used. However, patient-level data are unavailable. Our search was also limited to PubMed and English-language studies. Furthermore, we did not analyze end points of time to hospital discharge and cost for patients in the emergency department with acute chest pain. 6 We also did not assess for differences in radiation exposure, an end point dependent on the functional stress test modality used in the comparator arms.
Conclusions
There were no significant differences between CCTA and functional stress testing in the end points of mortality and cardiac hospitalization. Coronary computed tomography angiography was associated with a reduction in MIs but an increase in invasive coronary angiography procedures, revascularizations, new CAD diagnoses, and aspirin and statin prescriptions. Although these results may apply to patients with both acute and stable chest pain and suspected CAD, important gaps in the medical evidence remain. These gaps include (1) the presence of heterogeneous effects for CCTA compared with functional stress testing related to the variables of age, sex, baseline risk, and comparator test used; (2) the risk of adverse events associated with excess invasive procedures; and (3) whether information gained from CCTA improves patient management and long-term clinical outcomes compared with functional stress testing alone when patients in both groups are managed using systematic protocols.
